KIF15, the vertebrate kinesin-12, is best known as a mitotic motor protein, but continues to be expressed in neurons. Like KIF11 (the vertebrate kinesin-5), KIF15 interacts with microtubules in the axon to limit their sliding relative to one another. Unlike KIF11, KIF15 also regulates interactions between microtubules and actin filaments at sites of axonal branch formation and in growth cones. Our original work on these motors was done on cultured rat neurons, but we are now using zebrafish to extend these studies to an in vivo model. We previously studied kif15 in zebrafish by injecting splice-blocking morpholinos injected into embryos. Consistent with the cell culture work, these studies demonstrated that axons grow faster and longer when KIF15 levels are reduced. In the present study, we applied CRISPR/Cas9-based knockout technology to create kif15 mutants and labeled neurons with Tg(mnx1:GFP) transgene or transient expression of elavl3:EGFP-alpha tubulin. We then compared by live imaging the homozygotic, heterozygotic mutants to their wildtype siblings to ascertain the effects of depletion of kif15 during Caudal primary motor neuron and Rohon-Beard (R-B) sensory neuron development. The results showed, compared to the kif15 wildtype, the number of branches was reduced while axon outgrowth was accelerated in kif15 homozygotic and heterozygotic mutants. In R-B sensory neurons, after laser irradiation, injured axons with loss of kif15 displayed significantly greater regenerative velocity. Given these results and the fact that kif15 drugs are currently under development, we posit kif15 as a novel target for therapeutically augmenting regeneration of injured axons.
| INTRODUCTION
The microtubule cytoskeleton is a cell component essential to neural activities, including neurogenesis during development 1, 2 and axonal regeneration. 3 Normal microtubule function is required for neurogenesis, neuronal migration and polarization, which are key to embryonic neural development. 2, [4] [5] [6] [7] [8] In addition, after spinal cord injury, microtubule-based interventions have been shown to enhance axon regeneration. 3 Members of the superfamily of kinesins, which are microtubule-based adenosine triphosphatase motor proteins that transport cargos along microtubules and also regulate the organization and movements of microtubules in the mitotic spindle, have been found to be active players in neuronal development and regeneration after injury of the adult nervous system. [9] [10] [11] In terminally differentiated neurons, microtubule motors were originally considered to function mainly in vesicle transport, but our work suggests that certain kinesins usually considered in the context of mitosis may play a role in coordinating and reconstructing the microtubule network by generating forces that regulate sliding of microtubules in the growth cone and axonal shaft. [9] [10] [11] KIF15 (Kinesin-12, Kinesin-like protein 7/KSNL7 or human Kinesin-Like Protein 2/HKLP2), mainly studied in recent years as a potential target for cancer therapy, 12, 13 was found in rats to be highly expressed in both brain and peripheral ganglia during embryonic development, with gradually diminished expression thereafter. 11 In cultured rat neurons, KIF15 was found to participate in axonal growth, navigation, branching, 11 dendrite morphology 9 and neuronal migration. 13 We are pursuing KIF15 as a target for therapy for nerve injury. Previously, we observed kif15 morphant zebrafish influenced axonal growth with faster extension and less branching. 14 However, morpholino oligonucleotide-based knockdown technology has a few shortcomings, including mosaicism and attenuation. It is practical to study axon regeneration by laser injury, but in a mosaic individual, the downregulation of the expression of the gene of interest in a certain neuron is not guaranteed, preventing us from collecting reliable data with that approach. In order to overcome these shortcomings to make it possible to observe axon growth during postinjury regeneration in neurons with confirmed reduction in gene expression, we employed Clustered Regularly Inter- Twelve sgRNAs (k1-k12, detailed in Table 1 ) corresponding to 12 target sites were examined by microinjection and polymerase chain reaction (PCR)-sequencing. Two sgRNAs, k7 and k8, both targeted in exon 8, were found able to induce mutation with Cas9 ( Figure 1A ).
They were then used to produce kif15 mutants. About 500 1-cell embryos were injected with a mixture of Cas9 mRNA, k7 sgRNA and k8 sgRNA. When reaching sexual maturity, they were mated with wildtype ones. F1 fish were examined for kif15 genotype by taking fin clips, genomic DNA PCR and sequencing of PCR amplicons. By sequencing, we found heterozygotic mutants harboring three sorts of mutated kif15 alleles, namely ntu201 (−7 bp), ntu202 (+5 bp) and ntu203 (−6 bp) (Figure 1 ), among which the first two alleles were frameshift mutations.
The F1 kif15 ntu201 mutants were then selected for the following studies. When the F1 mutants with kif15 ntu201 allele reached sexual maturity, they were mated with Tg(mnx1:GFP) transgenic fish to breed the F2 generation to be visible of the interested neurons by means of the fluorescence microscope. The F3 generation was generated by F2 incross followed by fluorescence selection and PCR genotyping.
In the genotype identification of the F1 individuals generated by crossing mutant Founders with Tg(mnx1:GFP) with Green Fluorescent Protein (GFP)-labeled Caudal primary (CaP) motor neurons, 15 we observed the overall morphological changes during zebrafish development and alteration of reproductive capacity in homozygotic and heterozygotic kif15 ntu201 mutants. Compared with their wildtype siblings, the animals either lacking one or both of kif15 alleles were able to finish embryonic development and hatching; and the larvae harboring mutated kif15 alleles were morphologically healthy and were able to promotor reporter system that specifically induced GFP protein expression in CaP neurons, we found that the axonal shaft of CaP motor neurons was smoother and slender (shown in Figure 2A ) in zebrafish lacking KIF15 during development from 29 hpf (hours post fertilization) to 31 hpf. Therefore, we quantified the axonal branch number and neurite length. As described and shown in Figure 2B , compared with the kif15 wildtype, the number of branches was reduced by 37% and 14% in kif15 homozygotic and heterozygotic mutants, at 31 hpf, respectively ( Figure 2C ). Homozygotic loss of KIF15 resulted in significant increase of neurite length (166.4 μm) compared to wildtype (104.9 μm), and an increase was shown in heterozygotic mutants (131.9 μm) at 31 hpf ( Figure 2D ,E). The different results between homozygotic and heterozygotic mutants showed a dosage effect of kif15 gene function on the axonal morphology.
| Loss of KIF15 caused swifter axonal extension during development
The effect of loss of KIF15 was observed on Tg(mnx1:GFP) background or with injected transiently expressing elavl3:Enhanced Green Fluorescent Protein (EGFP)-alpha tubulin, respectively. When the , kif15 ntu201/+ and kif15 ntu201/ntu201 zebrafish embryos.
The data were presented as mean AE SEM. The variance was tested using one-way ANOVA, with F = 19.14 and P < 0.0001. **indicates a P < 0.01 in Student's t test, and *** indicates a P < 0.001 (n = 20, data were collected from 10 individuals of each genotype measuring lengths of 2 axons in somite 16 and 17 of each fish, and calculated by averaging measurement of total 20 neurons for one genotype) zebrafish embryos reached 29 hpf, they were anesthetized and embedded in 1% low melt point agarose. Axon length was measured for GFP-labeled CaP neurons around the 16th somite at 31 hpf. We The effects of kif15 gene on axonal outgrowth in both CaP or R-B neurons in homozygotic kif15 ntu201 mutants were significantly embryos. The data were presented as mean AE SEM. The variance was tested using one-way ANOVA, with F = 57.32 and P < 0.0001. ** indicates a P < 0.01 and *** indicates a P < 0.001 in Student's t test (n = 9, data were collected from nine individuals of each genotype, where one axon was measured for each animal) stronger than that in heterozygotic kif15 ntu201 mutants; in this case, the velocity of axonal outgrowth is minimal in kif15 wildtype. Interestingly, in mnx1 expressing CaP motor neurons, loss of KIF15 impacted axon growth more significantly than in R-B neurons. We observed during development the axonal tips in CaP neuron moved forward in a swinging way, while that of in R-B neurons ran ahead straightly ( Supplementary Movies 1 and 2 ).
| Loss of KIF15 accelerated axon regeneration after laser injury
Finally, we investigated the effect of loss of kif15 in regenerating axons after laser injury. Axons expressing fluorescent proteins were cauterized at 26 hpf using 800-nm laser and observed afterwards.
Both CaP neurons and R-B neurons were able to regenerate in the injured axon, during which process the loss of kif15 had an effect.
However, we were not able to assess the regenerative growth of CaP axon because of the complex morphology and variable extension direction (data not shown). In R-B sensory neurons, we clearly evaluated the regenerative velocity of the injured axons. As shown in Figure 5 , after laser irradiation, injured axons retracted for a short distance followed by regenerating (Supplementary Movie 3) . We measured the axon length of regenerating for 120 minutes after injury.
The results showed that loss of kif15 promoted axonal regenerative velocity in R-B neurons. Homozygotic mutants showed approximately 377% faster axonal growth at a speed of (1.05 μm/min) compared to , kif15 ntu201/+ and kif15 ntu201/ntu201 zebrafish embryos. The data were presented as mean AE SEM. The variance was tested using one-way ANOVA, with F = 9.880 and P = 0.0006. ** indicates a P < 0.01, and *** indicates a P < 0.001 in Student's t test (n = 10) wildtype (0.22 μm/min), whereas heterozygotes 95% faster at a speed of (0.43 μm/min) during injured axon regeneration.
| DISCUSSION
Kinesin-12 is a microtubule motor protein expressed in all cells in vertebrate organisms, including mitotic cells and postmitotic neurons, 18 and is generally regarded to regulate the bipolar microtubule spindle apparatus in dividing cells by generating forces that regulate the sliding of microtubules. 12, 17, 19, 20 Our previous data showed that kif15 is strongly expressed in developing nervous system in zebrafish with the expression gradually decreasing as the neurons mature, 14 which is similar to the case in rodent neurons. 11 Depletion of KIF15 from cultured rodent neurons results in longer axons with fewer branches, 11 while its depletion from cultured astrocytes results in increased migration. 21 In the present study, we applied CRISPR/Cas9-based knockout Interestingly, although animals with homozygotic or heterozygotic mutated kif15 had altered neuron morphology during development, the whole individuals appeared normal. Mutants were able to swim and feed just as well as their wildtype siblings, suggesting their neural systems were functional and probably healthy. Also, the generally normal morphology and behavior of mutants suggest that one, the mitosis during development was not strongly affected and two, the morphological changes in neurons were not secondary results from developmental delay or any systemic dysfunction. We interpret these findings as consistent with sufficient redundancy, typical in vertebrates, as well as compensatory mechanisms, that absence or reduction of one key player is tolerated by the system. However, that is not to say the system is the same, and as indicated by our studies on regeneration, which indicate that when challenged, a KIF15-reduced nervous system is better able to regenerate. For this, we evaluated the effect of loss of kif15 gene in regenerating axons after laser injury. Compared to the mechanical methods such as surgery which is operated manually, the twophoton laser injury approach was performed under the identical preset parameters. The consistency of damage to each individual is guaranteed. We used a two-photon laser-based laser injury. In this strategy, the axons of target neurons were damaged by heat generated by laser radiation instead of undergoing fluorescent protein laser bleaching.
Both CaP neurons and R-B neurons were able to regenerate in the injured axon, during which process the depletion of kif15 seemed to influence. However, we were not able to assess the regenerative growth of CaP axon because of the complex morphology and variable extension direction (data not shown). As we observed during neural development, the axonal tips in CaP neuron moved forward in a swinging way, while that of in R-B neurons ran ahead straightly. Therefore we focus on observing axonal regeneration of the Rohon-Beard (R-B) neuron, because the primary sensory neurons present during the embryonic and early larval stages, with axon outgrowth straightforward, and many research used it as an object to study the neural functions. 22, 23 We found after laser irradiation, injured axons with depletion of kif15 had significantly improved axonal regenerative velocity. To our best knowledge, this study provides the first in vivo regeneration timelapse data of KIF15's role in axonal regeneration.
Why does kif15 express in the nervous system if axons grow better without it? Our previous studies indicate that both KIF15 and KIF11 act as brakes on axonal microtubule transport, and that these brakes are responsive to signaling cascades that regulate features of axonal growth and navigation. Axons presumably grow faster when either of these motors is inhibited because of greater mobility of short microtubules and also less compressive force on the longer microtubules. 24 A potential issue with KIF11 inhibition as therapy for nerve injury arises from studies indicating that axon navigation is impaired when KIF11 is suppressed, 25 because of KIF11's role in regulating the amount of microtubule sliding into the growth cone. It was reported that KIF15 works as a tetramer, 12,26 similar to KIF11, 27 and is believed to be capable of cross-linking microtubules and switching microtubule tracks, while other work suggests that it acts as a dimer. 28 The KIF15 tetramer may behave as a brake via its cross-linking function, with our data showing accelerated axon growth explicable on the basis of releasing the KIF15 brake.
Studies to date indicate that KIF15 can do the same sorts of things as KIF11, in terms of regulating microtubule sliding, but can also regulate microtubule-actin interactions, via KIF15's unique ability to interact with Myosin-IIB, a property not shared by KIF11. 21, 29 We believe the braking effect of KIF15 is at least partly the effect of KIF15-Myosin-IIB complex.
The process of an axon generating collateral branches requires the interplay between microtubules and actin filaments, which is a factor impacting the diameter of the stalk of an axon and is also the machinery of the Kif15 brake hypothesis. Our present results demonstrate the effects of KIF15, thus opening the door for therapeutically control not only the window of time to optimally inhibit KIF15, but also the level of inhibition most conducive to both axonal growth and navigation. Drugs could potentially be developed that attenuate KIF15's microtubulemicrotubule functions while not affecting its microtubule-actin functions, or vice versa. Finally, it is relevant to note that KIF15 inhibition may have beneficial effects on other cell types relevant to nerve regeneration, such as the cells that form the glial scar. 21 The cancer community is already at work developing drugs against KIF15, and hence the time is ripe for the nerve regeneration community to participate.
| MATERIALS AND METHODS

| Zebrafish husbandry
Zebrafish were provided by the Zebrafish Center at Nantong University. Zebrafish embryos of AB and Tg(mnx1:GFP) (also known as Tg (hb9:eGFP) or Tg(mnx1:GFP) ml2 ) 15 were obtained through natural mating and maintained at 28.5 C. Embryos after 24 hours post fertilization (hpf ) were treated with 0.2-mM 1-phenyl-2-thiourea (PTU, a tyrosinase inhibitor commonly used to block pigmentation and aid visualization of zebrafish development).
| Bioinformatics
The zebrafish kif15 genomic information was obtained from Genbank (Table 2 ) and a template plasmid pT7-gRNA kindly provided by Prof Bo Zhang at Peking University. The PCR products were used as templates for in vitro transcription using MAXIscript T7 Kit (Ambion) to obtain sgRNAs.
Capped Cas9 mRNA was prepared by in vitro transcription using mMessage mMachine T7 Kit (Ambion) with a zebrafish optimized Cas9 template plasmid pGH-T7-zCas9 30 kindly provided by Prof Bo
Zhang at Peking University. Cas9 mRNA and sgRNA were mixed and adjusted to a final concentration of 300:100 ng/μl. 
| Microinjection
| Genotyping
CRISPR/Cas9 mutagenesis efficiency was examined by PCR-sequencing. Genomic DNA was isolated with YSY Trace DNA buffer (YaoShunYu (YSY) Biotech, Nanjing, China) from 24-hpf embryos that had received injection. PCR amplicons around the target region for kif15 mutation (primers for PCR and sequencing are listed in Table 2 ).
The resulting F1 generation was genotyped by fluorescence microscopy for the transgenes and by PCR-sequencing as described above.
Genomic DNA was isolated from fin clips with YSY Trace DNA buffer. 
| Imaging
| Laser injury
We generally translated a protocol using Zeiss confocal microscope for laser injury 31, 32 and a method based on Olympus FV1000 MPE two-photon laser scanning microscope 33 to Leica TCS SP5 LSM equipped with two-photon laser, but with minor alterations. In brief, the embedded embryos were observed under a 20× water lens, and the selected axons were placed in the center of the field of vision. The display was zoomed in to 64×, and 800-nm two-photon laser was used to perform a single frame xy scan at 50% intensity.
| Statistics
Neurite length between was measured by Image J software (https:// imagej.nih.gov/ij/). The branch numbers within the distal 80 μm of axon length were calculated. All data analysis, statistical comparisons, and graphs were generated using GraphPad Prism 5 (GraphPad Software, http://www.graphpad.com/scientific-software/prism/). Data are expressed as mean AE SEM (SE of the mean). Statistical analysis was performed using one-way analysis of variance (ANOVA) for the analysis of variation among genotype groups followed by Student's 
Editorial Process File
The Editorial Process File is available in the online version of this article. 
ORCID
Mei Liu
